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Cambridge, Rasssohucetts, 
3 dune 1946. 


Frofeseor George VY. Swett, 
Secretary of tie Faculty, 
Maseachusetts Institute ef Technology, 
Cumbridge, Mupsachusette. 


Dear Sir: 
A theeis entitied ™ 











with submitted in partial fulfiliment of the recui rements 
for the degree of Maater of COclenesr in seronautical En- 
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Ares, in square inches | 
Ratio of diemeter of orifice te diameter of pipe 
Erake horsepower 

Brake load, inches of meroury 

Volumetric efficiency 

F/A 2 Teel-air ratio 

Orifice pressure drop, inches of water 

Gage manifolé pressure, inches of mereury 
Gage exhaust pressure, inches of mercury 
Exciter current, amperes 

Orifice evefficient 

Stroke, in inohes 

Brake arm length, in inches 

Mean effeotive pressure, p.8.i. 

Brake mean effective pressure, p.s.1. 
Friotion mean effective pressure, p.s.i. 
Indicated mean effective pressure, p.a.i. 
Pumping mean effeotive pressure, p.8.i. 
Revolutions per minute 


Preasure ahead of orifice, inches of mercury, 
equal to P, plus corrected barometric pressure. 


Gage pressure shead of orifice, inches of mercury 
Exhaust pressure, inohes of mereury 
Inlet (manifold) pressure, inches of nereury 


 pedeet Whee ai. ore 
necoqeesed dad 





Yeawres to eadnal Sect edn 


Youle lite ehwemeivt 

| ‘plaen abe-feut « 4\t 

Vues Yo eetoai sswemenq Mfrlimes ope) 
Twriem tc estonl ,oiwseety Stendce ope! 
armies .feryteo ins Lent 

Sen iolTiesy yerliwo 
secect af . eter 
eotest €) .Stpuel ote ako 

1.4.9 ,oReneNy eUl2eeTTe ape 

1.6.) ,ecoenetg eTPeotte caee ate 

-t,0.¢ ,ermeaong ovissetis cums culvelrt 

2.0.0 etameng wrhreette naam tefeothel 

2.9.q \wtamewg wetter dene paliqert 
efunin 12g ano. satoved 

wideuren visinmotad bescorses aula (4 af ape 
Tiwetae To seden! ,enilige to Gnedse eseneew opel 
Wwretes to sedoel ,etewon1g Saeed 
verotes to aedeut ,etumsetg (Aieliam) select 


















: 





_ 


Wen "ee Qagel ee See et 





Rotanmeter reading , 
Sperk advanee, in dagress before top dead conter 
fompersture of sir entering orifiee, in gem. R. 
Inlet (manifold) temperature, deg. R. 


Temperature mecsured in calorimeter, deg. ¥. 


Temperature in exhaust pipe, deg. IF. 


Rxkawset temperature, deg. F, useé in ecalouistion 
of turbine work 


Vasa rate of alrflow, pounds per hour 
Mass rate of fuel flow, pounds per hour 
Compressor work, Bta/lb. air 

Turbine work, Btu/lb. air 

Tugine brake work, Btu/lb. air 
Expansion factor 
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The combination of two types of power plante to give. 
optimum performance is one selution to demands for ever 
inoreasing power for high speed aircraft. <A compressor, 
engine, anf turbine geared to the same shaft is One Buch 
combination. <Any prediction of the performance of such a 
system ¢epends upen the eupevimartsi determination of the 
power cutput of the engine. 

The purpese of this investigation was to determine the 
eutput of the engine at high ezhaust pressures and the energy 
ef the exhaust gases at these pressures. Values et full 
power conditions were obtained at the Sloen Laboratory in 
May 1944. (Ref. 1.) The prenent investigation involved the 
cetermination of these variables at crulse conditions. 

A Lycoming single cylinder engine was used for the in- 
vestigation. The engine was operated at ae piston speed of 
2200 feet per minute, with a fuele-air ratio of .065, spark 
advenes of 26 degrees, wenifold inlet temperature of 140°F, 


an¢d a valve overlap of 40 degrees. The cylinder head tempora- 


ture, 611 pressure, and o11 temperature were maintained con- 
stant at normal values. 

Exhaust pressure wae varied from 30 to 69 inches of 
mereury in 10-inch taoremnte, and the manifold pressare 
from 350 to 50 inehes of mereury in the same increments. Suaf- 
fisient data was recerded to plot a map of the region ender 
investigation. 
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The energy of the exhaust gases was obtained by measure~ 

mont of the exkheust temperatures. 

T% oan be concluded as a result of this tnrestigatien 

that: 

1. In the range investigated, the masa rete of 
eirfliow deeregaas linsarly with inorease in exhaust 
pressure. 

2. Volumetric efficiency falls off linearly with 
incresse in exhaust presstre. 

3. Brake Horsepower decruases almost iinesriy with 
inorease ib exheust pregsure. 

4. MEP and TMEP decrease linearly with inerease in 
exhaust pressure. 

5, Indioated Horsepower increazes linearly with mase 
airflow. 

&. Machaniesl FMEP and PMEP increane linearly with 
inereare in exhaust pressure. 

7. FMEF decreases linearly and mechenioal FKEP in- 
oreases with inerease in inlet pressare. 

@. Brake specific air consumption increaser with 
inereases in exhaust pressure, the rate of increase 
becoming erenter with lerger valves of exhaust prea- 
eure. 

9. Exhaust temperature inereaszes linearly witha 
increase in exhaust preesure. 
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10. Optimum engine pe/py for the CET syatem in- 
creases with altitude and eecurs between the values 
o75 ané 1.0. 

11. Net mean effective pressure of the CET system 
is slightiy bicher «et cruising conditions than at full 
power conditions. 

12. Net specific fuel consumption for the CET sys- 
ten is lewer at cruising conditions than at full power 
oonditions. 

13. The turbine ovtput in a CHT systom is more 
likely to be limited by the turbiae blading material 
than by the energy available in the exhaust gases. 


Thia investigation wis made at the Sloan Autonotive 
Laboratory at Masecachusetts Inetitute of Technology, 
Combridge, Massachusetts, im April-May, 1946. 
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The wartime demands of the militery services for alr- 
eraft eapable of operating at higher eltitudes and at ; 
greater apeede stimulated extensive investication into the 
development of new power plonta with ever higher output. 
The use of different types of power plants in combination 
to give optimum performances is a polution that offers un~ 
evaluated possibilities. The compressor-engine~turbine 
system is one sueh eombinetion. Any prediction of the 
parformanece of such a system depends, because of the number 
of variebles involved, upon the experimental determination 
of the power output of the internal ecombustion engine unter 
conditions of high exhaurgt presaure and a measurement of 
the residual energy of the exhaust gaaes. (Ref. 2.) 

The determination of these fuetors ut full power coper- 
ation wax made at the Sloan Automotive Laboratory at 
Waesachusetts Institute ef Technology in April 1944. (Ref. 1.) 
The present investigation is « continuation of thet werk in 
the determination of these factors at cruising conditions. 
Talis work wes done in the Giosn Luboratory at Massachusetts 
Institute of Teehnoiegy in April and May, 1946. 
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Tha set-up ané srrangement of the apparatua ueed in 
this invertigetion ia shown by the photographs, Figs. A,” 
Bané C, and by a dlagramuatic sketoh in Fig. Ff. 

The engine wae a single oylinéer Lycoming on a Uni- 
versal crankoasse. It wae liquid eooled, had duel spark 
ignition, 4 Compression ratio of 6, a bere of $.25 inohes, 
and a stroke of 6.25 inches. It had single inlet ang €x- 
haust valves with an overlap of 40 degrees. Tae valve 
timing diagram is shown in Fig. &. The engine drove, be-~ 
sides the dynanometer, only the valve gear, the ienition 
breaker points, the techoneter, ané the dynamometer exciter. 
The engine seceenories, 1.e., fuel, of1 and weter pumps, 
were driven dy a three phase induction motor which 4180 
served as «2 starter. 

The powsr output wes absorbed by a Reliance Eddy Gur- 
rent bLynamomster. The breke load was mensured by « hydraulic 
seule souctimesr referred to as a torque «e611. Brake load 
readings wore obtained on a meroury monometer. The load wes 
varied by varying the field current of the oxoiter which was 
- eaeenged through a moter generator set toe load the dynano- 
meter. 

The Speed was controlled by verying the losd. it was 
measured closely by a standart tachometer and checked by 
moans of a 60-cycle stroboscopic light directed on a pattern 
dise on the flywheel. 
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The spark was eontrolledéd remotely from the instrument 
panel. The advance was meeaured by the conventional type 
neon spark dise. 

The engine inlet system consixte™ of a combination 
surge and vaporizing tank. Temperature control ef the in- 
let air was obtained by auppiying either low pressure atean 
or cooling water to the surge tank jacket. Intake air was 
supplied ty laboretery compressors, the flow being controlied 
remotely from the contre] panei by o Minneapalis-Noneywell 
gate valve whieh bled to the atmosphere. The air was metered 
in the induction line by means of a sharp~edged orifiee in- 
stelled in accordance with ASE specifications. (Refs. 3 and 
h.} The preseure drop across the orifice was uensared on a 
aifferential water manometer. The pressure before the ori- 
fice and in the surge tenk wae measured by mercury aanometers. 
The teaperature at the corresponding pointa was measured by 
RFureau of Standartis lron-constantan thermoecuples and a 
Tegliabe potentiometer. 

Ome hundred octane fuel was supplied from the leboratory 
ayeten. The pressure war meinteined constant by the exter- 
nally Griven fuel pump vented to the intake system thrmugh « 
bpack-pressurs diaphragm errangenent. The rate of fuel flew 








was ocontrelled by a valve on the sontrol panel and was 
measured by o Fischer and Porter Stabl-Vis Rotameter. 

The seoling water am! ofl were sirculated in closed sys- 
tmes by means of oxternally driven pumps. Tempersture control 
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of these syxtems was by means of heat exchangers that sould 
be supplied with either cooling water cr low-pressure stean 
through vaives located at the control panel. " 

The oxhaust gases were discharged through a exhort coapling 
inte an exheatst culorimeter. From the calorimeter, the ex- 
haust gases were led to a water-jacketod surge tenk where they 
were pertially ceoled and then exhausted through 2 Minnenpolis- 
Honeywell gete yalve whick was used to control the exhaust 
pressure. The exhaust preasure wes measured by means of « 
mereury manometer from a tep at the exkeuet exlorineter. 

The exhaust calorimeter was thet designed ant used by 
the authora of Ref. 1. A seule drawing of the calorimeter is 
shown in Fig. F. Hesentielly, it is a shell within a shell 
arrangement fitted with bafflien te retard and six the exhaust 
gases. The cater sheli was previded with bleeds dy means of 
which some of the hot gages could be pasaed sround the laner 
shelin in order to reduce radiation iosses from the center of 
the gqalorimeter where the thermceouples were located. For 
this investigation the only modification of the apparatue was 
to ineresse the size of theac bleeds. The valves in the bleed 
lines were provided to eontrol the amount eof ese flowing 
arcvund the inuer shells. Three thermocouples were used and 
cousisted of percelain shielded Chromel-Alumei junetions. The 
temporetures given by these couples were reed on a Leeds and 
Rorthrup alliiroitmeter eni ware eonverted to OF by use of 
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Tables in Nef. 5. A fourth thermocouple, designed and manu-~ 
factured by the General Fleotria Company for the measurement 
of high temperature, high veloeity gases (Ref. 6) was in- 
serted in the cylinder exhaust stack cshead of the calorimeter. 

The M.I.7. High Speed Indicator was used to obtein 
records of cylinéer prensure versus crank angle. The K.I.7, 
transfer table war weed to obtuin preasure-volume disgrens 
therefrom. 

A Vaumunat Catheude Ray Oscilloszeope was used in conjunction 
with a Sperry Magneto striction vibration pickup te detect any 
possibie detonation, 
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The infomation sought divided the experimental work 
inte three natural mibdivisiorns. First, that of seanauriag 
the nrake horsepower, the sass air flow, ami the corresponad- 
ing volumetrie efficiency; second, the determinatien of the 
Ii? or IMBP amd m.@.p. by means of indieater cards; aad 
third, that of measuring the exhaust temperature, ell is 
relation to varying inlet and exheust pressures. 
The first anc third quantities were determined by one 
set of runs using dual ignition. The second quantity wes 
necessarily obteined by a second series cf runs because one 
spoerk plug hed to be removed in order to insert an indicater 
plug to obtain the oylinder pressure for the indlester. All 
runs were mde with a concentrated effort to maintain ual- 
formity and to duplicate the running conditions of Ref. 1 
except that eruining r.p.m. and feei-sir ratie were ured in- 
atvead of full power r.p.m. and fuel-air ratio. 
441 runs were made mainteining engina operating vari- 
ables as nenr the following values as peasible: 
Piston speed (Cruising) = 2100 ft./min. (2025 rye) 
F/A (Cradeting) = 0.065 * .0020 
Ty = 140 * 1°. 

AGjJustments were made to give 


S.i. 28° for éunl ignition 


2 35° for single plug oper- 
ation (ueed during 
taking indleator eards. )} 





Wier Levemivages att MORbyts saved mulieeedt © 
wrisuame ds tect teal vensiaivinese tevened tiwes 
~heoqewvuen add Aa wot hs ana wd Romezesven ped J 
on Yo wetvactonarad age jbacoes jyanetortte 

an jabter vedeuiial Ts eunen rim ba Sel 


at ite \wralotegms susise odd Sone See 
atize ary tae eng 

ee ae ee ee 
ea tiituury kroeos aay pie tot by 
ans ocueved amt 5 cates tdeses » W imalsivs & 
<odnstit bi vemniiee sand 5h eine = 
ec eer ei ee ee 
«lov atevdten oY frette Soferiavence « azte ohn svew Sat 
a ode Pe wieleiieres piles ed ef octiqué of bm 
“OS Geos ctwe oli=s «le-fowt me .0.q.% pihelowe dee 
-ol208 tie-few) tap .2.4.5 teory Livt Bs bee 
-EINe Yaliateqgo oatyee gala betni se phe8 eter pave Lhe 
teléteves ne eouley pedqeiioy oes teum ee 






















oa 














a 
Pe 


























(was ton) VRE VRS ERE CONN Waren 
ote, > 280.0 » ipolebes) «0 

5 > oak 2 “ 

orig 05 ehae otee 
eslaiugd Lewk dat vs < +e 
<wege galy sipais wer “2 = , 


patiut eer) oolée 
(200 wetentiel saltay 


The operating temperatures and pressures were ceintained 
within the following limits: 

O11) Pressure 58 - 70 p.s.i. 

Inlet 012 Temperature 150°. 

Cylinder Temperature 175 - 165°F. 


The first series of runs waa mate under the following 
varying conditions: 


30 30 
30 i,0 
30 50 
30 60 
4,0 30 
i i 
0 69 
$0 30 
ze 40 
50 é0 


The seconé series of runs was mede under the following 
varying conditions: 





§0 LO 
Several familiarization rune were mede to determine the 
best operating provedure. The ranges of values that might 
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be expected were determined, and calibrations, adjustments, 
and sero or tare readings were all determined during this 
series of faailisrization runs. 

Two complete series of recerd runs were made for the 
firet set of conditions. Maes airflow, oruke horsepower,. 
and wolumitric offiociency were computed from readings of 
the orifice manometers, thernmeecouples, amt the brake losd 
manometer. Exhaust temperetures were ebtained from the 
oaiorimeter and exhaust stack thermocouples. 

A single series of runs was mefe for the second set cf 
conditions. Pressure versus crank angle curves were obtained 
with the H.I.7. High Speed Indicator. Both light (5 lbe/in) 
and heavy (150 lbs/in) springs were used in order te obtain 
an aeeurate record of the effeet of exhaust preasure on the 
PMEP as well as its effeet on the IMEP. 
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Thie inveetigntion paralleled rather closely the work 
deseribed in Ref. 1. An effort wan mde to «veld daviation 
from the procedure ané mothods outlined thersin, in order 
that direct comparisons could be made between results ob- 
tained for the full power eonditions and those et cruising 
power. 

In the time elapsed between the initiation ef thet work 
and the completion of this, other investigators have done 
extensive research on the effect of high exhaust pressures 
on the performance of internal combustion engines. (Ref. 7.) 
The results reported are more general and grenter in seope 
than could be obtained in thia limited work. Further, eere- 
tain recent refinements end developments in obtaining tem- 
perature meansuremente of high temperature, high veloalty 
gaees have heen reported, which indicete a more satisfactory 
means of obtaining the exhaust temperature. (Refa. 6, 8, 9.) 
Nevertheless, it in felt that the results obtained can de 
used ag a basis for nore extensive resenreh in this fielé. 

The experimental remalts and certain computed velues 
obtained therefrom are shown in Table I. All results are 
shown by means of curves in Figs. 1 «- 22. The originel data 
sheets for all runs, pressure~crank angle diagrams and oali- 
bration curves are on file in the Sloan Automotive Laboratory 
at Massachucoetts Institute of Technology. 
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The effect of vurying iniet and exhaust preasurca on 
engines performance cun moat casily be reviexed by neting 
their effect upon (1) Mass rate of airflow; (2) Volumetric: 
efficleney; (3) Mean effective preseures; (4) Brake horae-~ 
pewer und brake specific fuel censumption; and (5) Exhaust 
temperatures. 


Fig. 1 shows the effect of varying eoxhaunt pressure. on 
the mass rate of airflow. ft ie seen that, over the mage 
inveetigated, for amy given inlet pressure there is an al- 
most iinear reduction of mugs alrflow with ineressing exhaust 
preseure. Further, the rate of variation is constant for ali 
imlet presmures except at 56° hg. inlet praseure and low ex- 
haust pressure. This effect is probably due to a alight drop 
in volumetric efficiency at higher mags rate of airflow. 

The eondition of inlet pressure of 30° Hg. and exhaust 
preseare of 60" Eg. war unstable, since the brake load re- 
quired was the wininum load wiieh oculd be set on the brake. 
All. readings taken under thia oomdition were regarded as poten~ 
tielly in errer, and due sceount was taken of thia in mbse~ 
guent discussion. 





exhaust pressure. As would be expeoted from Fig. 1, it is seen 
that vwolumetrie effieliency decreuses linearly with increasing 
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exhaust pressure except at 50" Hg. inlet pressures end low 
exheust pressures. At this point the mazxinuem volumetric ef- 
ficiency hed probably been approached. | 

In Fig. 3 a plot is shown of wolumetric efficiency vs. 
ratio of exhaust to inlet pressure (p,/p,). This ourve ie 
found toe agree elosely with the theoretieal relationship ef 
volumetrie effieloney of a function of compression retio and 
ratio ef exheust to inlet pressure, givem in Bef. 10. Vari- 
ation from this theeretical curve is probebly due te valve 
overlap, which appsars to be slightly exeessive for the piston 
speed used. 

The effect of variation of exhaust and inlet pressure on 
volumetric efficiensy 1s lilustreated in its relationmhip te 
the pumping loops of in¢icator dis¢rams obtained during the 
second ast of runs. It is seen in Fic. 1h that, st a given 
inlet pressure, the size of the pumping loop inereases with 
exhaust prevaure ené similarly, at «e given exhaust pressure, 
the pumping leop decreases with an increase of Iniet pressure. 





The effect of varying inlet and exhaust pressures on ia~ 





éioated and pumping moan effective pressures was obtained fron 
an analysis of indicator scarésa. These cards were obtained by 
converting the pressure-crarnk angle diagrams made with the 
K.I.T. High Speed Indisator to pressure-volume cisgrame with 
the ai@ of the M.I.T. transfer table. 


‘> 
. 


























wed tee errareenc Splal .gf "OR ts doeean exepeeng 4 
+s aerebion muita mi filer a)4/ > .nrnyeeoty ¢ 
| -Drthwireete roms tigedorg Od | 
-8F THs satis edafemnier Bo meth at Poke oe «ptt et 
ot qvem pict .{ pt\ge) eveeseis Peek wt fegntee ty 
Ye imaatralee beatdeweas a3 iste Yoewals wnege 
dae Olt aalsemoqeee to ankiom® « a [swarernle oS 
~ ial M2 sal, oh, punky. cymemeny, Sebnl, ot femnten $m am 
otiey ot eub Tidelome al erven leotdeupes plus 
eovete ed? ust ov inewnes qitdghta ed of axepeye caide , 
ier etmmeets fein! fm Jamades Te anltetizy Io rep lte 
29 Gidocttaler «1! ci beteteeulli sf qanlotite etx 
348 gutted Dentetco eumbalh worsaléct te 
anvig #26 felt 42 oa) oh Geew 22 2t .peus tot 
Az ty Weenorts! quel paler ol Do wets ott wroeeenq telah 
TUAaTY TSR OSHS 6 . eh etiate Sup acmewty 4 cmndl 
-weennees Talel To cesevacl #s Asw geeemenes quot wu 
aba ea ee 
~38 2G wteet¢ eeEdes Ame sind garguey te dest | 
@wci Saatalvo tue setceheny ovisedTie quae 
W hiintdn cory Gives ome? obshyishdanibed 2 attigtums @ 
Al Atiw when nerice ld elgne serre-erusperg 467 : 
(S108 MEPIDAL! ea ler-wtesertg Of TedeelanT beogh agit! . 



























ae 







_ 


>. 


. 
7 
. 





- 


The effeets of yerying exhaust pressure ef «© consatart 
inlet pressure of 40” Hg. are shown by the superpeaition 
ef heevy spring (150 1se/in) ané Light spring (5 Lws/in) 
cards shown in Figs. 10 and 12. %It is seen that the indi- 
ented mean effective pressure, av measured by the arwe of 
the uresaure-volume (lagrsn, eeerusste with ineretising ex- 
heuat oresesure. (Fig. 10.) The pumping mean effeotive 
pregeures, as mearured’ br the areas of the punting Lecpe, 
giallariy follow expected trends, the areas Lnereusing with 
tnereasing eihaast presgure. (Tig. 11.) 

The effects ef varying lalet pressure at a constant 
sxheust preasure of 40" He. are chown by the superpoeli tion 
of the heavy and Light spring earts in Figs. if enc 13. 

Ag in the cere of veriadble exhaust presfures, values of 
INT ané PMAP obtained from theses eards are in agreement 
with those which would be expeeted. 

These eamis were sli necenseariliy cbteained with elngis 
ples ignition, because the inmileator unit was placed in the 
hole mormally oeoapled by the ether plug, snd were made at 
a sperk advance of 35° which hed previcusly been ¢etemsined 
ag best sowar apark edvaenee for single plug operate, rt 
ghould be notad that atatements besed on guantitativye vaeiues 
are neeessarily subject to limitations éue te variations 
resulting from single plug cperation. However, it ls probd- 
able that emy error is small oa volwmetric efficieney is 


estentially the same at simbler congitions, as seem in Fig. &. 
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The PMEP wae caleoulated from the known yower output 
of the engine. As mentioned above, IMEP and PREP were 
obtained from the area of the indicator diegrams. In . 

Fig. 4, the EMEP at varying inlet conditions is plotted 
against exhaust pressure. It ie seen thet the BMEP de-~ 
creases linearly with inoreasing exhaust pressure end at 
approzimately the name rate for esch inlet pressure. The 
INEP at 60° Ee. inlet pressure is shown on the eame figure. 
The similarity of the slopes of the PMAP curves was such 
that sonatruction of perallel curves through the determined 
points of IMEP at 30” and 507 Ng. seemed logical. That 
this assumed relationship between IMEP and exhaust pressure 
at these inlet pressures is substantially correct is shown 
by a otudy of Fig. 5, in watch it fle seen thet the indicated 
horsepower varies directiy with masa airflow. 

Fig. 6 shows © breakdewn cf moan effective pressures 
at an {inlet pressure of 40° He. As Cisoussed previously, 
the IMEP and BUEP decrease and the PEP increeses with in- 
ereasing exheust pressure. Astuming that IMEP is the sum 
of BEEP, PHEP and mechenioel PREP, the curve of seohanical 
YURP obtained by differences increases slowly with exhaust 
preseure. 

Fig. 7 shews 2 similar set of curves in whieh the exhaust 
pressure ie held conatant. THEP Ceoreases with increeting 
inlet pressure, substantiating the fact that mechanioel FMEP 
incresses with increasing inlet preseures. 
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BRAKE BORHRPOW VR AND BRAER SPECIFIC AIR SONSUMPTIO 
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Curves of MIP and AEAC are ineluced in order that 





direct comparisons can be made with values of these quan 
tities obtained at full power cperation on this sane teat 
engine and discuesed in Ref. 1. However, since both pis- 
ton speed and fuel alr ratio were veried in making meesure- 
meuts at couise conditions, only a qualitative comparison 
seexns justified. 

Fig. @ shows variation of HIP with exheust pressures. 
4a in reference 1 far the condition «et full power, there 
ie an epproximate linear decreane of SAP with laocreusing 
back pressure. fialliarly, curves of BSEAC vs. exhaust pres- 
sure, shown in Fig. 9, foliow the seme order of increasing 
BSAC with inorensing exhaust pressure. 





The deteraination of the energy of the axhaust gases 
poses eae difficult preblem. It can be obtained by making 
heat menasurements using o heat exchenger or by measurement 
of the exhaust gae temperature. Ite determination by 
neasurement of the exhaust temperature seems the easier, 
wat this methed kas certein attendant difficulties in the 
ense of a single-cylinder engine. In this case there is 
a very unsteady flow cf the hot exhaust gas, the temperature 
of whieh varies widely. Thia variation from initial open~ 
ing te fianl closing of the exhaust valve, in the range of 
operation of this Investigation, was computed to be about 
800°r. (Ref. 10.) 
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The exheunt oalorineter, an deseribed in Ref. 1 ané 
ueed in this investigation, was designed as a oombination 
surge tank aud mixing chamber. It was felt that meaeure- 
mont of the gas temperature after being mixed and brought 
substantially to rent in the ealorineter would give a valid 





measurenent of ite total energy. 

Ref. 1 indicates that no censtant temperature could be 
measured but thet there wee a wide variation in temperetures 
within the calorimeter at three points, exch located suc- 
cessively further from the exhaust valve. This variation 
wes probably due to radiation lesazesa because the temperatures 
Gecreased with distance from exhaust port. It was suggested 
{in Ref. 1 thet seme of the hot exheust geees ba punsed 
between the calorimeter shells, that fora tha calorimeter 
walls, to maintein the wall temperature constant and thereby 
minimize radiation losses. This proved unsatisfactery as is 
shown qualitetively in Fig. 15, im which it may be seen that. 
in@ioated temperatures fell off, rather than all three thermo- 
couples appronebing & single equilibrium temperature. Though 
the basic idea of the calorimeter may be wound, a redesign 
and refinement ia necessary before valid and reproduel ble 
results een be obtained by its use. 

In owier, however, to have same common ground for com- 
yerison with results obtained in Ref. 1, the oxhaust texpere~- 
tures mensured in the oxhaust oalorimeter without bleed were 
seed. Readings of the three thermocouples showed the 
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oame variation with exhaust preesure. The veriation of 
exhaust teaperature with exheust preasure for thermocouple 
No. 3 loeuted nearest the exhaust valve, in shown in Fig. 
16. As in Hef. 1, it ia seen that there in a linear ée- 
crease of exhaust temperature with inereasing exhaust pres~ 
mare at enoh inlet pressure. 

In the last series of runs a General Bleotric shielded 
thermesceple was pleeed in the exhaust stack eheed of the 
ealorimeater. Though the thermocouple located here is sube 
ject to the wide theoretical tenpereture variation mentioned 
above, it is felt that the setual range of variation is mueh 
lesa due te the heat eapacity of the engine cylinder parts, 
the heavy exhaust staekes vaed, and the radiation shields of 
the thermocouple. Here it was found, as may be seen from the 
ourve (Z,) in Fig. 16, that the exhaust temperature appears 
to be independent of inlet pressure end ineressea with in- 
creasing back pressure. Temperatures in the exhaust stack 
wore founc to be several handred degrees higher than those 
mon sured. af the celorigeter thermocouples. This trend ef 
increasing temperature with Lnereaging exhaust pressures, «8 
Well as the quantitetive values of exheust temperatures, are 
tn fair agreement with values obtained from computation using 
theoretical bhernetyuanie gharta. (lief. 10.) 

The detarnination of the exergy of exhaust gases to e 
closer approximation by temperature measurement ahould be in- 
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vestigated further. However, at present, the tenperatare 

at any exhaust pressure investigated in thie work is still 
beyond that whieh any modern turbine can withstend, so the 
performance of the turbine in a CHT system is not necessarily 
limited by the exhaust temperature of the internal combustion 
engine. 
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While the power output of the engine proper ia reduced 
considerably with ineresuse of the ratio, Pe/Pi, it is 
possible te realize a greater overall output dy ume of a 
compresecr-engine-turbine system. In such e system the en- 
gine would ve operating at a relatively high Pe/Pt with 
considerably reduced volumetric efficiency. However, utili- | 
gation of a part of the energy available in the exhaust esos 
through a turbine increases the overall output to such dagree 
that e successful compressor-engine-turbine system nppears 
wholly feasible. 

in erder to make direst comperigson of full power condi- 
tions (Ref. 1) and cruising conditions, the total brake 
horsepower output ef a CET system was caloulated on the follow- 
ing assumptions: 

1. The turbine, engine, ané compressor are éireetly 

connected to the propeller shaft. 

2. The ecompresecr works on the mixture of vaporized 
fuel ané air. 

3. Airplane speed is 306 miles per hour, indicated 
airspeed, and the full effect of ram on pressure 
and temperature is utilized. 

4. Turbine and compressor efficieneles are .70. This 
appears low for efficiencies of present turbines 
arné compreasors but these values are assumed in 
order to obtain comparison with Ref. 1. 
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5. The system is operating in « standard atmosphere. 

6. The highest measured temperature in the oalori-~ 
meter ia the temperature of the cas to the turbine, 
ané the turbine is capable of operating at these 
temperatures. No eorrecticon to exhaust tempera~ 
ture is mede fer warietion in inlet temperature 
from 140°F » The variation in exhaust temperature 
due to this effect is eonsidered to be within the 
range of errer in measuring the exhanet temperature. 

7. The net totel power of the CET system is equal to 

the meszured brakehorsepower of the engine minus 
the compated power absorbed by the compressor plus 
the computed power delivered by the turbine. 

The variation of net total brakehorsepower with engine 
exhaust pressure is shown in Fig. 17, at sea level, 15,000 
feet and 30,000 feet. Cruising power outa appears to be 
about 70% of full power output (Ref. 1). In Fig. 18 the 
variation of net total brakehorsepower is plotted against the 
ratio Pe/Py. The optimum P,/P; inereases with increase in al- 
titude end eceurs between the values .75 and 1.0. This is 
consistent with results obtained in Nefa. 1 and 7. 

Teble II shows the work per pound of oir for the various 





eomponents of the CET system. The power absorbed by the com~ 
presser remains oonstant fer any one sondition of inlet pres- 
sure and altitude, i.e., does not chenge with variation in 
exhaust pressure. ‘The turbine work increases with inerease 
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in engine exhatist preseure. It alao inareasea with alti- 
tude in greater proportion then does the power absorbed by 
the compressor. At Py x 50" Hg, Pe « 60" Hg., the power 
Gelivereé wy the turbine, in excess of the power absorbed 
by the compressor, accounts for approximetely 19% of the 
net total power. This enine woadd be somewhat reduced in 
a Multiple sylinder arrangement bheoauss the percentage of 
power absorbed by engine friction would be reduced. The 
multiple eylinder arrangement would resait in higher total 
output. | 

A more valid evaluation of the experimental results 
may be realized by analyzing the CET system from the vievw- 
point of mean effeetive pressures and specific fuel son- 
suaption. Ref. 2 analyzes the full power experimental re- 
sults from tails wiewpoint. <A hettex somparison of fuil 
power conditions enti eruising conditions may be obtained 
with such en analysis for cruising conditions. Caloulations 
are made for 15,000 feet anc 30,000 feet, based on the seme 
assumptions as Ref. 2: 


Compressor effioleney: 2 8&5 
Tarbine effieciemey: 2 90 
Teaperature of gases entering 
turbine: From curves in Fig. 16 
Atmoapheric conditions: . Standard 
Ram preesure at compressor 
intake: i* hg. 


Engine IEP corrected from: Fig. & 


Eostimeted, based on 
Fig. 5, Ref. 2 





Friction m.e.p. 
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Aa inlet pressure of 140° Ag. was selected as represente- 
tive of cruising conditions. Test results were corrected to 
a compression ratio of 6.5 and an inlet temperature of 566°R. 
Values for exhaust pressures to 80" Hg. were entoupeated. 
Methods for calculation are shown under FO! 

Fig. 19 shows the component mean effective pressures and 
the net m.¢.p. uncer cruising conditions at 15,000 feet and 





36,000 feet. Maximum ret m.e.p. ovcours at an engine sxheaust 
presaure of about 40" Se. Turbine m.e.p. increases with alj- 
titude while BIEP decreases linearly. 

Fig. 20 compares component and net mean effective pres- 
sures et full power and crulaing conditions at 30,0906 feet. 
Fuil power moan effective pressures were taken from Hef. 2. 

It wes expected thet engine DMEF at cruising eenditions would 
elightly exeeec the engine BHEP et full pewer dus to increased 
volumetric efficiency et cruising conditions. There ia con- 
siderabie divergence in the two curves as exhaust pressure is 
inervased. This may be due to volumetric efficiensy character- 
isties, 1.¢., volumetric efficiency at high piaton speed may 

be reduced at a greater rate with increasing exhaust pressure 
then at « lower piston speed, The cruising condition IMEP 
valves were taken directly from values determined from the in~ 
Gieator card. Full power IMEP values were taken from a general 
eurve of IHEP/inlet pressure va. Pe/Ft. This could possibly ae- 
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count for the difference in slope cf the BMEP curves. 

finece the coupressor and turbine m.e.p. were essentially 
the seme at full power and orulsing, the net m.e.p. varies - 
about the stme as exgine EMEP, i.e., the net m.e.p. is some~ 
whet higher for eruising conditions. 

Net specific fuel consumption «t full power and cruising 
at 30,000 feet are compared in Pig. 21. The net s.f.e. is 
significantly reduced at eruvising. 

The results of the temperature measurements in the cylin- 
dex exhaust (T,, Fig. 16) indieate that energy is available in 
euch amount that it would not be unreasonable to assume an are 
rangement whereby the exhanet gases are aveilable to the turbine 
at all times, at temperature above thet at which modern turbines 
ean operate. Asneune further a thermostatically controlled Later- 
ecoler 80 that gases enter the turbine at 1500°F. This figure 
(1500°F) is baseé on the General Electric I-40 engine (Ref. 12) 
with some allowance for improveé turbine biading material in 
the future. 

Fig. 22 compares the cruising net wn.e,.p. of such a system 
with the system provicusly agaumed at 30,000 feet. Net m.e.p. 
is incressed a small mit significent amount with inereased ex- 
haust pressure and with inereased altituda. The turbine m.e.Pp. 
farnishes ® larger percentage of the total net m.@.p. 
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As a result of this investigation of the effects of high 


axhaust pressures on the performance of an internal combustion 


engine, the following conelusions may be drawn: 


1. In the range investigated, the mss rate of air- 
flow decreases linearly with jacresse in exhaust 
pressure. 

2. Volumetric efficiency falls off Linearly with in- 
eorenee in exhaust pregrure. 

3. HErake Hersepower decreases almost linearly with 
inerease in exhaust pressure. 

kL. DBHEP and IME decrease linearly with inerease in 
exhaust pressure. 

5. Indicated Horsepower iacreases linearly with masa 
alrflow. 

6. Mechanical FMEP and PMEP inerease linearly with 
increase in exhaust pressure. 

7e FMP deereases lingarly ond mechanioal FKEP in- 
ereases with increase in inlet pressure. 

&. Brake specific air consumption increases with 
increase in exhaust pressure, the rate of increase 
beooming greater with larger values cof exhaust pres-~- 
sure, 

9. Exhaust teapercture inereases linearly with in- 


crease in exhauet preseure. 
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10. Optimum engine P,/Fy for the CHT syatem increases 
with altitude and cecurs between the valuner .75 and 1.0 
jl. Ret wean effective pressure cf the CET syetem is. 
slightly bigher at cruising conciticns then at full power 
conditions. 

12. Net specifie fuel consumption for the CET system 
is lower at cruising eonditions than et full power con- 
éitiona. 

13. The turbine cutput in a CLT system ia more likely 
to be limited by the turbine blading material than by 
the energy available in the exhaust gases. 
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AL METS: 


Wa x ARY y 287 oP 


Orifice characteristics: 


Diameter «= 1.378 inches 


Area 


» 1.490 square inches 


x e 0.617 


Y2i1.0 
B® 0.45 





2x 386x px 70.7, Hxi.00x 52.4 
2728 xT x 53.3 1728 


We 2 485 ¥ SE lb/hr 
1.00 =x specific eravity of water 


62.4 « 
70.7 = 
9303 2 

Ps 


i 


weight of water, lb/cu.ft. 

conversion, "lig to p.s.f. 

gas constant 

pressure in front of orifies, in inehee of 
mereury; equel to gage-pressure in front of 
orifice plus barometer (both in inohes of 
meroury). 

orifiee pressure drop in inenesa of water, 
temperature of air entering orifice in de- 
gress Rankine. 
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os 


aVfFi 
[eee = lbs air/min. 


As oe x 1012.5 suction strokes/muin. 


2 
¥s E x (bs22) whats = displacenent volume, cu.ft. 


fs inlet air density « + x Lik 


pi = pressure in inteke manifold, “Hg. 


Ra 2 








T{ « inlet elr temperature, deg. Rankine. 


Then 


ea® 


a ®, a 6,2 ; A on 
1012.5 x £ x 42:28} % Os2s x Rx Beg 
@e= .0001585 "a Tj 
pi 
where W, = Airflow, les/hr. 
Ty = Temperature in inteke manifold, deg. lankine. 





Pi = Wanifold pressure, "Fg. 


tynamometer arm <= 21.02" 2 1.752 ft. 





uP « 2/7 Re Re Brake erm, ft. 
33000 
Hoe rp 
¥ & Srake load, ibs. 
Diameter of Rydraulie Piston « 2.955 inebes 
Area of Hydraulie Piston = Ex (2.955) = 6.85 sq. in. 
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Foree on Piston, Fapxra P= pei 


& 2 eres, ineher 
Y¥ = 6.85 P 


1 pai « 2.042 "Hg 

Bos ators 3 6-85 = 3-35 b he "Hg 
NW = 2025 

Then 


Bhp = AIA 2-752 5 2085 22.350 


Bhp = 2.26 h a 


brake load, "Hg 


¢ 
mate: . 


me + ROE 
33000 


Po» BMEP, peie. 
i S atroke, ft. 
As pieton area, oc. in. 








ss 6.25 x7 x (5.25 


= 6.55 h h » brake lead, “Hg 
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From Hef. (12). 


Subscript 1 = before compressor or turbine 
fuyseript 2 «= efter compressor or turbine 

« Enthalpy of air, Beu/lb. eir 

* Enthalpy of fuel, Btu/le. fuel 

2 Fnthelpy of mixture Btu/lb. atxture 


Ds 
hg 
Dy, 
Dine = Eathalipy of mixtare per pound of air, in Bta/lb. 
Re a Enthelpy of exhaust gases, Etu/lb. gases 

t s, Fasl~air ratio e .065 

he x Compressor efficiency = .70 

ht « Turbine efficiency e ff 


he +f he Dye) 





aa = Enthalpy of mixture entering compressor 


" “ai “ae ftu/db. mixture 


= 2-00 Dae _~ Beu/lb. air 
where hyo ia obtained from Nef. (19 by moans 
of relative pressure ratio of manifold prea- 








sure to atmospherfo pressare plus rag. 


Engine Work = frets * Btu/lb. air 
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Turbine Work =< .7(hei - he2) Stu/lb. exhaust gases 
= 1.080 x .7(hel - Beg) Btu/lb. air 
where hg) io obtained from exhaust 


temperature and heo by relative pressure ratio 


of exhaust pressure to atmospheric pressure. 








At: 300 m.p.h., indlosted alr speed 
15000 feet altitude 
50" Ke, inlet pressure 
46" Hg. exhaust preseure 


Da = 16.88 + 4.902378) x (300 x 1.47)" » 18.9% "He. 
T, = 465 + 





Re = 19.42 
¢ = 51g ~ 375 = 65 x bBl - 375 © ~ 134.5 


tm. = 19-42 - (2065 2} 2h5) « 10-68 « 10,95 


» Dy pr 
(2) 18 .9h 10.65 1.417 
(2) 50 43-93 3.7h 


Maz - Se) = 33.88 
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fork «= 1.065 x sagt « 51.4 Btu/lb. air. 


Jmgine Work . 125 Soke = 369 Bou/le. air 





Turbine Nork: 
Exhaust Temperature: 2024 Fabs. 
T P he yr 
(2) 2024 40” He. 416.2 378.3 
(2) 29.92 206.4 159.5 


Turbine York Ss 1.065 xz 7 x 107.8 1 0.2 
Ket Work 2 349 - 51.4 4 60.2 = 398 Biu/ib. air 
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Het m.@.p. = JMEP ~ FMEP ~ CMEP 4 TeEP 
where IMEP ia ecorreoted from Fig. &. 
FMEP is entianted, based on Fig. 5, Ref. 2. 





THUP « . | 
engine placement per 


Corrected TMP = teat IueP | (Fig. 4) from 
area of indicator diegrem, not including 


puaping oycle | x / tee & o355 where 


526 ie alr eyele efficiency at 6.0 com 





t time 





pression ratio. The somplete correstion 
factor is 1.0k. 
No correction mado on exhaust gas temperature due to inerease 


in eompreesion ratic. 


ZONE LUTIONS (2° Re. rem) 
Pp, "Hg .abs. Tp», OR 
472 
424 





Engine Inlet: Py = hO" Hg. abs.; Inlet manifold ter- 
perature, $66°R 


Engine Exhaust Pressure: 30" - 80" Rg. abs. 


CMEP » 78 fy ® ey Ty go a re 


where: os speoifio heat of alr at eonctant 
pressure 











= .24 Beu/lb-F 
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Ps = inlet density ( 4 = Py/T, x 70.7/53.3) 
® = volumetrio efficiency (from Fig. 2) 
Yo = compressor efficiency. ; 
The factor .98 is inserted to allew for 24 pressure loss between 


compressor anc engine manifolé. 





TWEP = ee Ps 6 (Ne 


where: he = enthalpy at engine exhaust pressure, Pe, 





$ 


he}(l & FX 


ané temperature Tg, Btu/lb. air 
ho « enthalpy, Btu/lb. air, after reversible 
adiabatic expansion from ex- 
haust conditions, pe and %,, 
to atmospheric pressure. 
¥ « fuel-air retie. | 
YN~e * Turbine efficiency. 


NET _S,F.C.: 

The indieated specifie fuel consumption of the engina wes 
constant et .365 Lb. fwel/ikp-hr. The net S.F.C. for the CET 
system was calotlated as follows: 

Net S.F.C. = .365 x leBP/net n.0.p. 

Py = hO"Hg.; pe = hO"lg.; altitude « 15,000 fect; 
qo * -85; +t .96 
SMEP = 194.1 x 1.0% 2 202 p.e.i. 
YMEP 2 26 p.s.i., (eetimated) 
Py ® 1.33 x 40/586 w= .0907 Lba/ft?. 
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e (from Fig. 2) = .684 
aun = $78 (.0907) x 864 x .24 x 472 I 





Seca 20] a 


= 19.6 peel, 
¢, (from Fig. 16) = 1971°R 
TMEP = ao (.0907) x .88&) x (461.5 - 206.6) x .90 x 1.065 
= 43.4 p.81. 
Net m.e.p. = 202 + 26.0 ~ 19.6 4 43.4 = 199 p.a.i. 
Yngine EMEP w IMEP ~ FMEP a 202 - 26.0 = 176.0 p.a.i. 
Net s.f.c. = .365 x oe = .371. 
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COMPONENT AND NET MEAN EFFECTIVE PRESSURES OF 


THE CET SYSTEM AT FULL POWER (3000 feet/min) 
AND AT CRUISING CONDITIONS (2100 feet/min 
VS. EXHAUST PRESSURE 


MANIFOLD PRESSUR® CONSTANT AT 40" He. 
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MEAN EFFECTIVE PRESSURES FOR 
COMPRES SOR-ENGINE-TURBINE SYSTEM 
VS. EXHAUST PRESSURE 
WITH INLET PRESSURE CONSTANT AT 40" Hg. 
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NET MEAN EFFECTIVE PRESSURES FOR 

COMPRESSOR-ENGINE-TURBINE SYSTEM VS. 
EXHAUST PRESSURE 

WITH INLET PRESSURE CONSTANT AT 40" dg. 
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ARRANGEMENT OF APPARATUS 
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VALVE TIMING DIAGRAM 
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